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1. Introduction 

Heteroaromatic polymers have proven to be among the best organic 
materials available which possess unusually high thermal stability. 

These polymers contain hexagonal aromatic rings in the backbone of the 
chain, and the polymers are formed from starting materials or monomers 
In which the functional groups are symmetrically substituted on the 
aromatic ring. A major difficulty with these materials, however, is their 
lack of solubility and, hence, their limited processability. 

This investigation was undertaken initially to explore the effect 
of a variation in structure on the solubility and glass-transition 
temperature of polyimide polymers. Either a lowering of the glass-transiti 
temperature or an increase in the solubility of the polymer should lead 
to improved processability. The results of this investigation, together 
with those of Or. Vernon L. Bell of NASA's Langley Research Center, have 
been sumnarized in an extensive paper published in 1976 (1). A lowering 
of the glass-transition temperature was shown to be achievable by making 
the polymer molecule less symmetrical . 

The studies were extended to incorporate not only additional asymmetry 
but also larger molecular weight in the monomers. Potentially, these 
monomers should afford high molecular weight macromolecules with fewer 
imide rings in the polymer backbone, and a further lowering of the glass- 
transition temperature or an enhancement of the polymer solubility might 


result. 
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Unally, an alternate route to thermal ly-stable polymers through 
Imide monomers that would polymerize or cross-link when heated has been 
explored. This type of polylmlde Is called an "addition" polylmlde. 

1 1 . Dis cussi on 

A. Asynnietrlcal Diamines 

This project began as a study of the possible existence of an 
OAfho effect. It was felt that compounds like diphenylmethane and 
benzophenone could be converted to diamines in which the amine groups 
would be substituted oltlio to the methylene or carbonyl bridge between 
the two rings. Such asyniiietr ical monomers could produce polyamides 
and polylmides with irregularity in the polymer chain such as to 
lower markedly the glass-transition temperature of the polymer and 
perhaps make the polymer soluble. 

The investigation called for the synthesis of four diamine 
monomers: 2,4' -methylenedlani 1 ine; 2,4'-diaminobenzophenone; 2,3'- 

methyl enedl ani 1 ine; and 2,3'-diaminobenzophenone. A study of the 
polymerl lability of these monomers with both pyromellitic dianhydride 
(PMDA) and with benzophenone tetracarboxyl icacid dianhydride (BTDA) 
to form polyimide products, together with an evaluation of the 
product polymers, completed the objectives proposed. 

The first two monomers, the 2,4' -Isomers, were synthesized 
during the sunnier of 1972, while the Principal Investigator was a 
NASA-ASEE Sumner Faculty Research Fellow at Langley Research Center. 
Scouting experiments carried out at that time indicated that 2,4'- 
methylenedianiline reacted with BTDA to form high molecular weight 
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polyimide. To this point, there hud been some question as to whether 
an amino group in the eifho position in a monomer like 2,4 ' -methylene* 
dianiline could participate In a polymerization reaction. Eventually, 
all possible methylenedianilines and diumi nobenzophenones with amine 
groups in an etfho position were synthesized and polymerized to poly- 
imldes. These syntheses have been described In earlier reports (2,3). 

These studies were conducted in cooperation with Dr. Vernon L. 

Bell at NASA-LaKC and a joint publication summarizing the studies 
appeared in 1976 (1). It was learned that diamine monomers with the 
amine groups in the me ta position on the two aromatic rings lead to 
polylmides with the lowest glass-transition temperatures. This result 
was somewhat surprising, since it had been anticipated that a less- 
synmetrical polymer would result from a monomer with an amine group in 
ttie eif/ie position. 

While solubility studies were not pursued as a part of this project, 
an investigation by St. Clair, St. Clair, and Smith (4) has substantiated 
the existence of an o\tho effect. They prepared polylmides from the 
methylenedianilines, as well as from the diaminobenzophenones, the 
oxydiani lines, and the phenylene diamines. The dianhydride monomers 
used included PMDA and RTDA, together with 4,4' -oxydiphthal 1c anhydride 
(OUt’A) , 2,2-b<u ( 3,4-dlcarboxyphenyl )hexaf 1 uoropropane di anhydride (6T ) , 

2,2-b<a{4-(3,4-dicarhoxyphenoxy ) phenyl I hexafl uoropropane di anhydride 
(BFDA), and 4 ,4 ' -b< 5 (3,4-dicarboxyphenoxy )diphenyl sulfide dianhydride 
(BDSDA). They found that both modification of bridging groups in the 
dianhydride structures and variation of the amine positions in the diamine 
isomers affected polyimide solubility. Having an etfho-substi tuted 
amine group in the diamine monomer even produced soluble or sparingly 
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soluble polylmlde films of BTDA and PMDA. The solvents they used In 
their studies included N,N-dimethyl formamide (DMF), N,N-dimethylacetamide 
(DMAc), N-methylpyrol 11 done (NMP), and m-cresol . 

The search for novel diamines was continued, and the synthesis of 
a series of aminobenzyl -substi tuted alkylbenzenes contalnlnq three 
aromatic rings was undertaken. It was thought that these diamine 
monomers could enhance the properties of product polyimides in several 
ways. The much larger molecular weight monomer would make possible the 
synthesis of a high molecular weight macromolecule with fewer imide 
groups in the polymer backbone. Enharced solubility and/or a lower 
glass-transition temperature might result. The alkyl substituents on 
the central aromatic ring make possible the incorporation of additional 
asymmetry in the polymer backbone, depending upon their points of 
attachment on the ring. Finally, the alkyl groups could have a 
solubi lizing effect. 

The general synthetic scheme followed in the preparation of these 
compounds is shown as Figure 1. The benzyl alcohol or benzyl chloride 
used could be either oitho, mata, or pata, and the tetramethyl benzene 
could be either the 1,2, 4, 5- (durene), the 1,2, 3, 5- (/aodurene) , or the 
1,2, 3, 4- isomer. The synthesis of several of these monomers has been 
described in previous reports (5,6) and the results for these monomers 
are summarized here in Table I. Little effort has been given to 
synthesizing the ontho compounds, since our earlier studies had shown 
(1) little promise of an ortho effect on the glass-transition 
temperature of product polyimides. Neither has an attempt been made to 
mix the points cf attachment of the amine groups on the two benzyl 
rings, i.t. o,m' or m,p’, as was done in the earlier work (1). 
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*The nitro group in the benzyl alcohol or the benzyl 
chloride may be either in the oitho, mc,ta, or \xl\o. 
position. 

**The tetramethyl benzene can be either the 1,2, 4, 5-, 
the 1,2, 3, 5- or the 1,2,3,4-isomer. 


Figure 1. Aromatic diamines containing three Benzene Rings. 


TABLE I 


THE MELTING POINTS OF NITROBEN7YL- AND AMINOPFNZYL BENZENES 
AND THE GLASS-TRANSITION TEMPERATURES FOR PRODUCT POLY IMIDES 


1 

Compound 

Nitro 
Analog 
T, °C 

_2 

AT p - m 
°C 

Amino 
Analog 
T, °C 

4T * 

°c 

- m 

Copolymer"* 
with BTDA 
T °C 

1, 2-8(6 (m-ami no- 
oenzyl )-3, 4,5,6- 
tetramethylbenzene 

192 

- - 20 

125-128 

* ♦ ! 

135 

249 (261) 

1 ,2-B(6(p-ami no- 
benzyl )-3, 4,5,6- 
tetramethyl benzene 

169-172 


260 



287 (303) 

l,3-8( i (m-ami no- 
benzyl )-2, 4,5,6- 
tetramethyl benzene 

152-157 

» - 5 

151-153 

a + 

10 

248 (261) 

1, 3-8(4 (p -ami no- 
benzyl )-2, 4,5,6- 
tetramethyl benzene 

47-149 


160-162 



250 (256) 

1 ,4-Rca (m-amino- 
benzyl )-2, 3,5,6- 
tetramethyl benzene 

227-228 

» - 12 

222-223 

a -f 

5 

249 (262) 

1 ,4-8t4 (p-amino- 

214-216 


228 



291 (342) 


benzyl )-2, 3,5,6- 
tetrame thy i benzene 


The diamine monomer is the compound named. The melting points for these 
compounds are shown in the column labeled "amino analoq". The parent 
nitro compound's melting point is given in the column labeled "nitro analog." 
These diamines were polymerized in dimethyl acetamide solvent with the co- 
monomer BTDA. 

‘The AT _ m refers to the difference in melting points for the paxa and 
mctti isomers for each of the compounds shown. 

3 The Tg values shown in the parenthesis are values obtained by TBA. 


The effect of symmetry as to the point of attachment on the 
aromatic rings In the monomers provides some Interesting results. 
Having the nitrobenzyl- or ami nobenzyl- groups synmetrlcal ly attached 



to the central aromatic ring almost Completely off-sets the effect 
of the point of attachment of the nltro or amino group on the benzyl 
rina. In fact, in the nitro series the mcfa-substi tuted nitro groups 
produce higher melting compounds than do the pa,ia-substi tuted groups. 

The syninetry a bout the central ring appears to be very Important, with 
1,3- substitution (meta-type) producing the most dramatic effect on 
the melting point of the nitro compound. In fact, the nitro groups 
in the pa/ia-posi tions on the two benzyl rings produce lower melting 
compounds than do the nitro groups in the mefa-posl tions . The 
temperature difference is most striking when the benzyl groups are 
substituted 1,2- on the central ring, i.z. A t f1 . m « - 20 °C. 

In the amine series, the effect of symmetry is much more pronounced. 
The meta- rather than the pa-ia- attachment of the amino functional 
groups leads to the lower melting compound in each case. However, 
the point of attachment on the central aromatic ring is again the more 
important syninetry factor, for the melting point difference between 
the m^ta- and the pa^a- substituted diamines is small. The exception 
is the melting point difference when the point of attachment on the 
central ring is 1,2-. The 1 ,2-Lni (m-ami nobenzyl ) -3 ,4 ,5 ,6-tetramethyl 
benzene has an unusually low melting point. 

When the diamines were polymerized with BTDA to form polyimides, 
the effect of the point of attachment on the central aromatic ring is 
obviously important, for the polymer formed from 1 ,3-bii(p-diam1no- 


benzyl )-2, 4,5, 6-tetramethyl benzene has about the same t g , 250 °C, as 
do polymers formed from the me ta-dlamlnes, all of which have t g 
values of 248 - 249 °C. It was disappointing to find that no additive 
effect resulted from having 1,3- or meta-type substitution on the 
central ring as well as meta-substitution of the amine groups. 

The chemical analyses for these compounds are given In Table II. 

B. Diamine Monomers with Cross-Linking Potential 

The preparation of .* polyimide monomer like m,m'-diaminobenzo- 
phenone, but containing a third amino group in the position onXko 
to the carbonyl group connecting the two aromatic rings, is desirable. 
This third amino group would be available for post-cure cross-linking 
to elevate the glass-transition temperature of the processed polyimide 
product. The reaction scheme followed in preparing this monomer is 
outlined in Figure 2. The synthesis and characterization of 2-acetamido 
benzophenone, 2-acetamido-5,3' -dini trobenzophencne, and 2-acetamido- 
5,3'-diaminobenzophenone was accomplished and has been described in 
an earlier report (7). Conversion of the 2-acetamido-5,3'-diamino- 
benzophenone to 2,5,3'-triaminobenzophenone presented some difficulty, 
and it was clear that the triainine was very sensitive to oxygen and 
had to be handled in an inert atmosphere. For these reasons, it was 
decided that the o'ltao-amino group would be left in its acetylated 
state. 

A polymer of 2-acetamido-5,3'-diaminobenzophenone with BTDA was 
prepared by Dr. Bell at NASA-LaKC and evaluated via torsional braid 
analysis (TBA). The incorporation of the acetamido group in the ontho 
position of the diamine had increased somewhat the t g of the product 
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TABLE II 

Elemental analysis of the nitrobenzyl- and akinobenzyl benzenes 


Compound 4 ' 

IhtoAitical 

Percent Compos it* i 

Percent Composition 

c 

71.28 

N 

A tutloa 

6.00 ‘ 6.90 

T FT If 

A jtiino Analog 
83.68 8.19 ‘ 8.13 

l,2-Bti(m-ami no- 
benzyl )-3,4,5,6- 
tetramethyl benzene 

71.28 

5.96 

83.39 

8.42 

1 , 2-8<a ( p-ami no- 
benzyl )-3,4,5,6- 
tetrame thy 1 benzene 



83.48 

8.19 

1 ,3-6<s (m-amino- 
benzyl )-2, 4,5,6- 
tetramethylbenzene 

70.98 

6.08 

83.75 

8.37 

1 ,3-Bt5(p*amino- 
benzyl )-2, 4,5,6- 
tetramethyl benzene 

71 .48 

6.15 

83.58 

8.27 

1 ,4-Bt5(m-ami no- 
benzyl )-2, 3,5,6- 
tetramefhyl benzene 

71.58 

6.29 

83.38 

8.32 

1 ,4-B< 5 (p-ami no- 
benzyl )-2,3,5,6- 
tetraire thy 1 benzene 



83.72 

8.43 


Analyses performed by Galbraith Laboratories, Inc., Knoxville, Tennessee 

^The dianiire monomer is the compound named. The analyses are shown in the 
column labeled "amino analog." The parent nitro compound analysis is shown 
in the column labeled "nitro analog. " 
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Figure 2. Synthetic Scheme for Preparing 2,5,3' -Triaminobenzophenone. 
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polylmlde. Evidence from the TBA analysis suggested that the concept 
was valid, t.»*. heating the polylmlde to temperatures somewhat greater 
than Its tg apparently caused cross-linking and destruction of the low 
Initial tg of the polymer. The cross-linking was thought to have 
occurred through the acetamldo group In the onthc position on the 
diamine monomer portion of the polymer backbone. No further studies 
were attempted. 

C. Imide Monomers for Addition-Type Polyimides 

A promising route to polylmlde polymers which combine thermal 
stability with processability has been found In the reaction scheme 
shown as Figure 3. The trlalkyl-substituted benzene starting material 
can be either trimethyl, triethyl, or trl isopropyl beizene and the 
three alkyl groups can be attached 1,2,3- or 1,2,4- or 1,3,5-. Either 
a Frledel-Crafts reaction with the nitrobenzyl chloride or a sulfuric 
acid dehydration with nitrobenzyl alcohol can be used to prepare the 
trisubstl tuted trialkyl Intermediate. Reduction of the nitro compound 
leads to a triamine which can then be reacted with anhydrides like 
5-norbornene-2, 3-dicarboxyl ic anhydride (nadic anhydride, NAC) to 
produce a soluble, relatively low-melting monomer. These monomers 
are attractive for several end-uses. 

1. The monomers are powders which potentially could be 
melt-pressed into desired forms, and continued heating could then 
be used to effect polymerization through the carbon-carbon double 
bond in the anhydride rings. 

2. The triamines prepared as intermediates in these syntheses 
could find use as cross-linking or curing agents for epoxide 

and urethane polymers in adhesives applications. 
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*1 he nitre group in the benzyl alcohol or benzyl chloride can 
be either oxtho, meta, or jhvui. 

**The trimethyl benzene can be either 1,3,5- or 1,2,3- or 1,2,4-. 
Figure 3. Imide Monomers for Addition-Type Polylmldes. 
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3. If some means could be found to cap just one of the 
amino yroups in the triamines with NLA, these substituted diamines 
would make Interesting monomers for the preparation of polylmides. 
The anhydride thus incorporated into the molecule would provide 

a means for post-cure cross-linking to Increase the glass- 
transition temperature of the polymer in the final product. 

4. If disubstitution of ni troaromatlc rings on the tri- 
alkylbenzene could be achieved, another class of diamine monomers 
for use in preparing polylmides would be obtained. 

All of the possible nitro compounds involving substitution in the 
mctii- or fH iw- positions on the benzyl rings have been synthesized and 
subsequently reduced to triamines. The melting points and analyses are 
given in Tables III and IV for these compounds. Detailed synthetic 
procedures of example compounds have been described in previous reports 
(5, 6, 7). 

The tri amines were further reacted, either with 5-norbornene-2,3- 
d; carboxylic anhydride or with maleic anhydride, to produce reasonably 
stable triinnde monomers. The results for those compounds which have 
been prepared and fully characteri zed are included in Tables III and IV. 
The procedure for the synthesis of the imide monomers has been described 
previously (8). The preparation of the imides using maleic anhydride 
appears to be more temperature-sensitive and therefore more difficult. 

The imides derived from maleic anhydride are also less statue to heat, 
apparently undergoing polymerization much more readily. For this reason, 
it has been difficult to establish reproducible melting points for these 
compounds. 
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TABLE I! I 

1IIL MELTING f'OINlS 01 NITR0BEN7YL AND AM I NOBENZYL BENZENES 
AND IMIPI DERIVATIVES WITH NCA AND MA 


Compound' 

Nitro Analog 
1 . "> 

Amino Analog 

i, °c 

Imlde , 
with NCA* 
1. °C 

Imlde , 
with MA' 1 
T, °C 

1,2,3-T*i(4(m amino- 
benzyl )-4,5,6-tr1- 
me thy 1 benzene 

IBB -190 

100-120 

178-182 

130(7) 

1 t 2,3-H<a(p amino* 
benzyl )-4 ,5,6-trl - 
methyl benzene 

224 

185 

215 


1 ,2 ,4-Tk's (m- amino- 
benzyl )-3,5,6-tri - 
methylberzene 

188 

100-120 

175 

150-160 

1 ,2,4-Tto (p amino- 
benzyl )-3, 5, 6-tri- 
methyl benzene 

206 

192-195 

270 


1 ,3,5-1 t< (m amino- 
ber zyl ) -2.4 ,6-tri - 
methyl benzene 

179-181 

182-183 

167-170 

260-270 

1 ,3,5-Tk4 |p- ami no- 

226 

230 

178-180 



benzyl )-2, 4, 6-tri- 
ne thy 1 benzene 


The* diamine monomer 1^ the compound nan-ed. The melting points for these 
compounds are shewn In the column labeled "amino analog." The parent 
nitro compound's melting point Is given In the column labeled "nltro analog." 

p 

The Imlde product of the amino analog with 5-norbornene-2,3-d1 carboxyl 1c 
anhydride. 

^The Imlde product of the ainlno analog with maleic anhydride. 
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TABLE IV 

THE ELEMENTAL ANALYSIS OF THE NITROBENZYL-, 
AMINOBFNZYL-, ANU IMIl)OBENZ v L BENZENES 


Compound^ Percent 

Composition 

Percent 

Composition 

Percent 
Compos i ti on 



H N 

C 

TT N 

C H 

“TT 

Thco\ctica.( W< tAo AnaCoq 

68.56 5.18 

Amino Ana Cog 
82.72 7.64 9.65 

Imide A natoq 
78.33 5.88 

2 

4.80 

1 ,2,3-Tl< j (m- 68.72 

ami nobenzyl )- 

4, 5,6- trimethyl benzene 

5.31 

82.90 

7.78 9.32 

78.22 5.95 

5.02 

1, 2, 3-Taxa Ip- 
ami nobenzyl )- 
4, 5,6- tri methyl benzene 


82.66 

7.87 



1 ,2,4-Tl<A (m- 68.83 

ami nobenzyl )- 

3, 5,6- tri methyl benzene 

5.40 

82.68 

7.64 9.19 

78.89 5.92 

5.12 

1,2,4-Tua Ip- 
ami nober.zyl )- 
3, 5, 6- tri methyl benzene 


82.41 

7.76 



1 .3.5- Tl(4 (m- 68.26 
aminoben zy 1 )- 

2.4 .6- tr methyl benzene 

5.34 

82.84 

7.50 

78.44 5.96 

4.80 

1.3.5- Tf'ilp- 67.80 

aminobenz."! )- 

2.4 .6- tri methyl benzene 

5.34 

82.38 

7.55 9.64 




The diamine monomer is the compound named. The analyses for these compounds 
are shown in the column labeled "amino analog." The parent nitro compound's 
analysis is shown in the column labeled "nitro analog." The analyses were 
performed by Galbraith Laboratories, Inc., Knoxville, Tennessee. 

? This is the imide product of the amino analog with 5-norbornene-2, 3-dicarboxyl ic 
anhydriee. 


An evaluation of the imlde monomers in addl tion-type polymers 
Is just being undertaken. Shown as Figure 4 Is a differential 
scanning calorimeter (DSC) run made on the nadlc anhydride trllmide 
derivative of 2, 4, 6- f'u^m-ami nobenzyl )-l, 3, 5-trimethyl benzene. 

The curve indicates that melting took place In the expected temperature 
range and that other changes, taken to be addition polymerization, 
occurred around 315 °C. Reheating the sample showed the absence of 
a melting point, confirming that polymerization had taken place. A 
hard, resinous product was obtained which has yet to be characterized. 

The complete characteri zation of tfese materials Is planned, 
with the hope that a publication can be obtained, even though grant 
support for this project has been discontinued. 

. Sunniary 

A. A series of diamines with two aromatic rings were synthesized 
and used to prepare polyimides. High thermal stability was retained 
but a marked lowering of the glass-transition temperature was achieved 
through asynmetry in the diamine monomers. An extensive publication 
which included these results appeared in 1976 (1). A portion of this 
work was undertaken by the Principal Investigator as a NASA-ASEE Sunnier 
Faculty Research Fellow at NASA-LaRC during the sumners cf 1972 and 
1973. Dr. Helen M. Gager also carried out portions of the work while 
employed as a part-time post-doctoral research associate with the 
Principal Investigator, using funds provided by this grant. Dr. Gager 
is now chairman of the Chemistry Department at Sweet Briar College in 
Sweet Briar, Virginia. 
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3. Diamines containing three aromatic rings and additional 
elements of asymnetry failed to produce polylmldes with glass-transition 
temperatures lower than those reported for the two-ring diamines. 

This work was carried out by Mr. David Joslyn as a thesis for the 
M.S. degree In Chemistry at Virginia Coninonweal th University. He Is 
currently writing his thesis. Mr. Joslyn was supported for about 
fourteen months as a Graduate Student Research Assistant with funds 
from this grant. 

C. Diamines containing extra functionality to permit post-cure 
cross-linking when incorporated into polyimides were studied. Most 
of the work In this area was performed by Dr. Junaid Slddiqul, who was 
employed as a post-doctoral researci associate of the Principal 
Investigator with funds from this grant. Dr. Slddiqul is now engaged 
in polymer research and development as a chemist with ICI Americas 

in Hopewel 1 , Vi rg ini a. 

D. An interesting series of triimide monomers suitable for the 
preparation of addition-type polyimides has been synthesized. This 
work, together with the three ring diamines described above, led to 

a NASA Tech Brief (9) as well as a Patent Application (8). The initial 
experiments were carried out by an undergraduate research assistant, 

Mr. Ralph Sciaffer, who was employed using funds from this grant. Mr. 
Schaffer went on to dental school at the University of Pittsburgh. 

The bulk of this work, however, has been accomplished by an M.S. Chemist, 
Ms. Li Ching Shih, who was employed over about a two year period as a 
research associate, and her support came from grant funds. Ms. Shih 
is currently pursuing the Ph.D. degree in Chemistry at Virginia Comnon- 
wealth University. 
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E. A host of undergraduate chemistry majors have worked on 
phases of the project during the past six years, and they are too 
numerous to mention. Most of them were taking Chemistry 497, 

"Independent Study," and did not receive pay for their work. A few 
were employed by the hour as research assistants or technicians with 
funds from the grant. 

F. Grant support terminated on March 31, 1978. However, four 
undergraduate chemistry majors are continuing the investigation for 
academic credit in Chemistry 497. It is the goal of the Principal 
Investigator to see all the projects terminated successfully in the 
form of publications. 


